Multi-locus Sequence Typing (MLST)
DNA was extracted from bacteria using Instagene matrix (Bio-Rad). Seven MLST gene targets (atpA, dnaE, dnak, fusA, leuA, odhA and rpoB) were amplified by PCR and sequenced using an Applied Biosystems Genetic Analyser 3730XL, according to the scheme of Bolt et al (2010) 8 , using modified primers where required 5, 11 . Results were analysed using BioNumerics 6.1 software (Applied Maths, Belgium).
Minimum spanning tree analysis
Minimum spanning trees were created from MLST profiles using BioNumerics 6.1 software. A categorical algorithm was used for comparative analysis and each sequence type (ST) is represented by a circle. The size of the circle is proportional to the number of isolates with that ST. STs that vary at a single locus are separated by a bold line, those differing at two loci by a thinner line, those at three loci by a thick dotted line and those at four loci by a thin dotted line. Differences at more than 4 loci are not shown in the figures. Clonal complexes, in which each member differs by no more than two loci from at least one other member of the complex, are highlighted with coloured haloes.
• MLST results showed that C. diphtheriae and C. ulcerans isolates formed two distinct genetic populations, with a minor outlier clonal complex (around ST294) existing for C. diphtheriae isolates (Fig. 1 ). Within each species there was a high diversity of STs. The most common types were not derived from outbreaks, but were epidemiologically unrelated cases.
• There was no clear clustering of STs associated with toxigenicity status for either species by (Fig. 1 ).
• Antimicrobial sensitivity testing showed some penicillin intermediate resistance (and occasional resistance) for both C. diphtheriae and C. ulcerans (Fig. 1 ).
• Some C. diphtheriae isolates also demonstrated resistance to clindamycin, ciprofloxacin, rifampicin and doxycycline. C. ulcerans isolates showed universal intermediate resistance to clindamycin (Table 1 ).
• Intermediate penicillin resistance was present in both toxigenic and non-toxigenic C. diphtheriae and C. ulcerans, with the results significantly more pronounced in toxigenic C. diphtheriae isolates in comparison to the other three categories.
• Toxigenic C. diphtheriae isolates were most likely to show elevated MICs to penicillin; the combined ratio of intermediate and resistant toxigenic C. diphtheriae strains (17/20) is significantly different to non-toxigenic C. diphtheriae strains (ratio 26/88, p <0.0001), to toxigenic C. ulcerans strains (ratio 6/17, p =0.0027) and to nontoxigenic C. ulcerans strains (ratio 6/14, p = 0.0230) ( Table 1 ; two tailed Fisher's Exact test).
• Comparison of epidemiology and antimicrobial susceptibility profiles, showed that C. diphtheriae isolates with intermediate penicillin resistance possessed sequence types (STs) which showed some clustering (Fig. 2) . C. ulcerans isolates demonstrating intermediate penicillin resistance comprised several distinct genetic populations and appeared distantly related or unrelated.
• The proportion of intermediate penicillin resistant strains has increased in the UK since 2014 (results not shown).
• Linezolid and vancomycin were the only two antibiotics which demonstrated 100% sensitive profiles for all isolate groups • There has been a gradual increase in non-toxigenic C. diphtheriae isolates submitted to the reference laboratory in PHE in the last few years (results not shown). This may be due an increase in the use of MALDI-TOF for identification in hospital laboratories. It may also be partly due to a selective pressure caused by the success of the diphtheria vaccination programme in the UK. 1, 10 • The ongoing genetic analysis of strains across the United Kingdom is useful and its incorporation into routine use in the reference laboratory would allow the epidemiology of clinical strains to be continuously monitored. It may also be particularly useful in studying the epidemiology of imported cases. 7, 11, 12, 13, 14 • The E-test method was used for determining antimicrobial susceptibility profiles and is associated with numerous advantages including the rapid nature and simplicity of the method. However, it has some limitations, such as the cost per E-test, and interpretation of clinical significance of apparently resistant micro-colonies within an otherwise clear zone. 15, 16, 17 • Intermediate penicillin resistance is of concern and suggests that the individual may need to be treated with a higher dose or alternative antibiotic. The antibiotic may demonstrate a therapeutic effect in an area which is easily accessible, such as the urinary tract, but may offer no effect in other parts of the body. 18 • There is some evidence that toxigenic C. diphtheriae isolates with intermediate resistance show some clustering by MLST.
• These results will be useful for updating the Public Health guidelines for the treatment and management of diphtheria cases.
• Future work includes increasing the dataset as well as the antibiotic panel, particularly with macrolides such as azithromycin as these may be recommended where penicillin or erythromycin cannot be tolerated. 19 • Whole genome sequencing (WGS) analysis of these isolates would enable a greater understanding of their relatedness and assist with determination of antibiotic resistance mechanisms. 
